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I. INTRODUCTION
HE dynamics performance of voltage and current regulators for islanded power systems is an essential factor considering the increasing share of renewable energy sources interfaced via power converters. In particular, the performance of the hierarchical control system of a microgrid [1] can degrade significantly if the inner loops at primary level have poor dynamics or interfere with outer loops with narrower bandwidths. This is the case in droop-controlled microgrids with secondary and tertiary control loops, as well as in variable speed drives [2] . Independently of the application, the design of the regulators should accomplish the main following tasks: i) to provide zero steady-state error; ii) to track the command reference, rejecting any disturbance within the controller bandwidth; iii) to have a bandwidth as wider as possible.
The use of Proportional Resonant (PR) controllers allows the implementation of the control laws in the αβ stationary reference frame. The features of this structure are equivalent to two PIs controllers implemented in two synchronous reference frames [3] , one for the positive sequence and another for the negative sequence component of the signal. The advantage of using PR controllers stands in the low computational effort which depends on the low number of transformations required to reach the αβ stationary reference frame. In particular, this is an important feature for implementation in low-cost DSP units. Independently of the controller structure the effect of delays and voltage coupling should be carefully considered in the design stage.
Substantial research activities have been made in the design of regulators for systems with a strong electromotive force (e.g. grid connected and drives applications). However, design issues for stand-alone microgrids have not been so far discussed in depth. In this context, as proved in a recent publication [4] , the coupling between the capacitor voltage and inductor current in VSI with LC output filter plays an important role in the performance of the inner regulators.
In the following, some relevant papers are analyzed, with special focus on stand-alone applications. In [5] an analytical method to determine the best possible gains of linear ac current controllers is derived, considering computation and PWM delays. In [6] different multi-loop control approaches using alternative feedback control variables are investigated. In [7] a methodology to assess the transient response of PR current regulators is proposed, aimed to achieve fast and nonoscillating transient responses in grid-connected applications. Recently, a fast acting current control scheme to regulate the load current during all energizing conditions of multiple load transformers powered by a UPS system has been proposed [8] . However, in general in the papers addressed, the effect of the delays for islanded systems have not been fully analyzed.
This paper addresses the abovementioned issues associated to islanded systems. This work is organized as follows. Firstly, the inner loop current control with and without state feedback voltage decoupling is analyzed. Subsequently, a PR voltage controller design is proposed. Detailed design and tuning is provided according to Nyquist criterion. The theoretical solution is supported by experimental results, according to the IEC 62040 standard for UPS systems.
II. SYSTEM DESCRIPTION
In islanded microgrids the Voltage Source Inverter (VSI) is equipped with an LC filter at its output. In general, it operates in voltage control mode with the capacitor voltage and inductor currents being the controlled states. The block diagram including a three-phase three-legs inverter with its internal loops is presented in Fig. 1 . The goal of the inner current loop is to track the commands from the outer voltage loop and to ensure disturbance rejection within its bandwidth. The simplified block diagram of the closed-loop system is shown in Fig. 2 The proportional gain of the current regulator is selected to achieve the desired bandwidth ( , which has to be much wider than the outer loops [9] . A first order Padé approximation of the type is used to model the computation and PWM delays, where , being the switching frequency. The system and current control parameters used both in the simulation and in laboratory tests are presented in Table I and  Table II . The proportional gains of the current regulator are designed for amost the same bandwidth. A P controller is considered as regulator for the current loop, i.e.
. With reference to Fig. 2 , the transfer function (TF) of the system is , (2) becomes (3) It can be noticed from the root locus in Fig. 4 that as the gain is increased, higher damping is achieved. This is in contrast with the results where system delays are included for analysis. By taking into account system delays in (2) and looking just at the command tracking features, the root locus is shown in Fig. 4 . It can be seen that if the states are not decoupled the system has low damping and hence high overshoot. This is true whatever gain is selected. In order to analyze the effect of decoupling the controlled states, an ideal case is discussed, i.e. ideal voltage decoupling is considered. This corresponds to consider . The system becomes second order and higher damping is achieved with less overshoot for the same bandwidth, as shown in the root locus of Fig. 5 . Equation (1) is modified accordingly (3) By observing this TF, it is possible to conclude that the output current does not affect anymore the inner current loop. This result is an easier design of the controller, with better dynamics, and with a dynamic behavior that is not load sensitive.
Real Axis (sec. However, this corresponds to design , which results in an unstable TF if the approximation for with the non-minimum phase zero is used. If , the computation and PWM delays on the state feedback decoupling path are not compensated. Compared to ideal voltage decoupling the damping of the system degrades (see Fig. 6 ) for the same proportional gain. However, the damping is still much higher than without voltage decoupling. Substituting (4) in (1) The frequency response (FR) analysis of the current loop based on (3) and (5) are shown in Fig. 7 . The arrow indicates increase in the load impedance, from rated load to open-circuit conditions. For any value of the impedance the system shows a low gain for a broad frequency range including fundamental frequency (50 Hz), which means the command reference is not properly tracked resulting in high steady-state error. On the other hand, if ideal voltage decoupling is performed, the system becomes not dependent on the load impedance and almost zero steady-state error can be achieved even with a simple P controller. It must be remarked this low steady-state error depends on the value of the inductor ESR. The FR of the current loop based on (6) is shown in Fig. 8 . If non-ideal voltage decoupling with is performed, the system is still load dependent, but to a much lesser extent than without decoupling the controlled states. 
IV. VOLTAGE REGULATOR DESIGN
The voltage regulator is based on PR controllers with a lead compensator structure (7) The gains of the system are selected to provide a good dynamics response when the system is tested according to the requirements imposed by the standard for islanded systems. The proportional gain determines the bandwidth of the voltage regulator, and is designed for around 150 Hz. The leading angles at each harmonic frequency are set such that the trajectories of the open loop system on the Nyquist diagram, with the PR regulators at fundamental, 5 th and 7 th harmonics, guarantee a sensitivity function higher than a threshold value [10] . In this work this threshold has been set to at no-load condition. After calculating the phaseleading angles, the fundamental resonant gain is selected in order to have a fast response to changes in the fundamental component. Equation (7) can be rearranged, leading to the second-order system (8) According to Evans root locus theory, the open loop poles move towards the open loop zeros when the loop is closed. For this reason, the pair of zeros of the PR controller are moved as furthest as possible from the right half plane. This corresponds to place them on the same location, such that the pair of poles of are coincident. This corresponds to design according to (9) where the lower bound of the inequality refers to , with the damping factor . For the leading angle at fundamental frequency , the gain is . The upper bound is set by values which do not significantly degrade the relative stability of the closed-loop system [2] . The harmonic resonant gains are selected to have reduced transient oscillations [7] , as well as to fulfill the requirements set by the UPS standards (see Table III ).
The leading angles in (7) are selected with the goal to compensate for the discrete time delay at each specific harmonic. According to [10] , an accurate approximation for each leading angle is given by (10) Subsequently, a fine tuning is provided by the inspection of the Nyquist diagrams at no load and rated load conditions. The goal of each is to maximize the sensitivity peaks corresponding to the resonant frequencies; i.e. to place the Nyquist trajectory as far as possible from the (-1,0j) point. The system in Fig. 2 can be simplified for design purposes, as shown in Fig. 9 . Fig. 9 . Block diagram for the outer voltage loop design using ideal voltage decoupling. Simplification of Fig. 2 The closed-loop TF for the current loop has the form of (6) if the states are decoupled with .
In Fig. 10 the Nyquist diagram of the system in Fig. 7 with the parameters of Table III is 
V. EXPERIMENTAL RESULTS
The power system of Fig. 1 was tested to check the theoretical analysis presented. For this purpose, a low scale test-bed has been built using a Danfoss 2.2 kW converter, driven by a dSpace DS1006 platform. The filter parameters and operational information are presented in Table I . The implementation of the regulators is made in the discrete time domain using Impulse Invariant as discretization method for the resonant terms.
Regarding the current loop only, a step response is performed. Without voltage decoupling, because of the low gain at low frequencies (see Fig. 7 ) a high reference current must be provided to achieve the rated current value. However, as the initial current was too high, the converter protections activate. In order to obtain step response captures without voltage decoupling, a lower reference current is provided. In Fig. 11 it can be seen the current during the transient is higher than the steady-state value because of low damping. It should be noted the different scales for the reference (50 A/div) and real inductor current in α-axis (5 A/div). This test proves that the current loop is not working properly, since the reference is not tracked. With reference to voltage decoupling the response is much more damped and the reference current is in the order of magnitude of the real current (Fig. 12) . It can be stated that a simple P controller can be used in the current loop, only if voltage decoupling is performed. With reference to voltage decoupling with the response is much more damped and the steady-state error is almost zero, even if just a P controller is used (see Fig. 12 ). A diode bridge rectifier with an LC output filter supplying a resistive load is used as non-linear load. Its parameters are presented in Table I . Fig. 14(b) and Fig. 16(b) it can be clearly seen the compensation of the harmonics to which the resonant controllers have been tuned. However, some small amplification of higher order harmonics can be observed in the frequency spectrum, in particular the 11 th harmonic. This is expected as the resonant peaks can slightly affect neighbors.
VI. CONCLUSIONS
In standalone microgrids the decoupling of the controlled states allows to achieve a more damped system along with less overshoot. The computation and PWM delays limit the maximum bandwidth that can be achieved by the current regulator. The dynamics of the system does not depend on the load when ideal capacitor voltage decoupling is performed, allowing even a proportional controller to be used as current regulator. However, decoupling ideally the controlled states is not feasible. The system is thus still dependent on the load but to a much lesser extent than without decoupling.
Since the design is based on serial tuning, the current loop design is followed by the voltage regulator tuning. A criterion based on moving the zeros of the controller on the real-axis has been proposed to determine the minimum value of the integral gain at fundamental. Inspection of the open loop trajectories on the Nyquist diagram along with the fulfillment of the demanding requirements imposed by UPS standards, allow to determine the leading angles and resonant gains values at different harmonic orders.
